Changes in vegetation cover associated with the observed greening may affect several biophysical processes, whose net effects on climate are unclear. We analyzed remotely sensed dynamics in leaf area index (LAI) and energy fluxes in order to explore the associated variation in local climate. We show that the increasing trend in LAI contributed to the warming of boreal zones through a reduction of surface albedo and to an evaporation-driven cooling in arid regions. The interplay between LAI and surface biophysics is amplified up to five times under extreme warm-dry and cold-wet years. Altogether, these signals reveal that the recent dynamics in global vegetation have had relevant biophysical impacts on the local climates and should be considered in the design of local mitigation and adaptation plans.
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A large part of the planet is greening in response to increasing atmospheric CO 2 , nitrogen deposition, global warming, and land-use change (1) . This global and persistent increase in leaf area index (LAI; the amount of leaf area per unit of ground area) is enhancing the land carbon sink, leading to a negative feedback in the land-climate system that ultimately contributes to climate mitigation (2, 3) . In addition, the associated variations in physiology, phenology, and structure of vegetation may regulate surface temperatures by affecting the water and energy exchanges between land and atmosphere (4, 5) . The influence of plant biophysics on climate is increasingly recognized, given its potential role in enhancing or counteracting the climate benefits of carbon sequestration (6) (7) (8) (9) . However, these biophysical processes have not been considered in climate negotiations to date, given their uncertainty in sign and magnitude.
Although the effects of changes in vegetation on local climate have been explored through in situ measurements (such as FluxNet and field experiments) (10), it is unclear to what extent the results of such local-scale analyses can be extrapolated to larger areas. Repeated and consistent satellite observations have recently been used to assess the biophysical impacts of land-cover transitions on the global climate (11) (12) (13) (14) (15) . However, these studies focused primarily on the relatively small fraction of the global land that has experienced recent variation in forest cover (~3% in 2000-2012) (16) , therefore overlooking the climate impacts of the widespread greening (1). Ultimately, the net effect of ongoing changes in vegetation density on the climate system is not well established, and assessments based on coupled land-atmosphere models have produced uncertain results (17, 18) . The current availability of extensive Earth observations of land and climate variables may reduce this uncertainty and improve the representation of these effects in global circulation models.
We explored the interplay between local climate and temporal changes in LAI, a key structural parameter of vegetation that integrates human-induced and natural processes and largely controls land-climate interactions and feedbacks (3) . In particular, we aimed to quantify the biophysical impacts associated with the greening of Earth, a global phenomenon of much larger extension than the direct landuse change. To this end, we analyzed satelliteretrieved dynamics of LAI, surface energy fluxes, and climate drivers at the global scale for the period 1982-2011 (supplementary text S1) (19, 20) by focusing on the interplay between LAI and the terms of the following energy balance equation
where LW out is the outgoing longwave radiation and is therefore related to surface temperature, R a is the sum of the downwelling longwave radiation and the absorbed shortwave radiation at the surface, and LE and H refer to the latent and sensible heat fluxes, respectively; the storage flux has been ignored because it is negligible at the annual time scale. We then explored at the pixel level and across climatological gradients the relationships between the relative year-to-year variations (D operator, dimensionless) of LAI and the terms of the surface energy budget reported in Eq. 1 (supplementary text S2). Our results show that temporal variations in LAI are closely related to changes in the surface energy budget and that background climate conditions play a key role in modulating these interactions (Fig. 1) . In cold-temperate and boreal regions (mean annual air temperature T a < 280 K), increases in LAI are associated with a boost in absorbed radiation (R a ) (Fig. 1C, top left corner) , mostly because of the reduction of surface albedo (fig. S1C), which is followed by surface warming and a consequent increase in LW out (Fig. 1A) . By contrast, in warm regions (T a > 290 K) increasing LAI is associated with cooling and hence a reduction in LW out (Fig. 1A, top right corner) , owing to the enhancement of LE (Fig. 1E ) that is particularly evident at moderate and low precipitation levels (P < 1400 mm) (Fig. 1, B and F) . As expected, LE and H show opposite patterns because they represent alternative pathways for the release of energy from the land surface (Fig. 1, G and H) . The complex relationship between LAI and the surface energy balance highlighted in Fig. 1 is therefore dominated by radiative terms (R a ) in cold climates and by turbulent energy fluxes (H and LE) in warm climates. This dichotomy highlights the need to consider all the terms of the energy budget in order to quantify biophysical land-climate interactions (3) .
We further assessed the interplay between LAI and surface biophysics under extreme climate conditions produced by opposite anomalies in precipitation and temperature (for example, exceptionally warm-dry or cold-wet years). For this purpose, we quantified climatic anomalies through empirical cumulative probability distributions (F) of the concurrent interannual variations in precipitation (DP) and air temperature (DT a ) (supplementary text S2). Results show that large negative relationships between LW out (and thus surface temperature) and LAI in extreme warm-dry and cold-wet years are five times larger in magnitude than those observed under average climate conditions and are closely linked to the corresponding variations in latent and sensible heat fluxes (Fig. 2 , A to D, signal during climate anomalies in the top left and bottom right corners to be compared with the average climate conditions shown in the centers). We argue that the observed amplification of land biophysical impacts under climate extremes is due to the coupling between soil moisture, LAI, and surface temperature (20, 21) . In fact, high levels of precipitation lead to moist soils that stimulate vegetation greening particularly with regard to latent fluxes, is found in arid regions compared with other climate zones because of the stronger coupling of vegetation dynamics with soil moisture (22) .
The complex interplay between vegetation density and surface energy balance highlighted above led us to investigate the global climate impacts of the recent greening. To this end, we combined the observed LAI trends with the sensitivity of biophysical processes to variations in LAI in order to estimate LAI-related decadal changes in the mean value and daily range of surface temperatures. Concerning leaf area, it has been shown that over the past three decades, most global vegetated areas have experienced a widespread greening, with a global median of 0.025 ± (1 × 10
and a statistically significant positive trend on 46% of the global vegetated area.
Variations in surface temperature (T S ) associated with long-term variations in LAI have been computed as
where dLAI is the long-term trend in annual mean LAI and @TS @LAI is the sensitivity of T S to LAI. The sensitivity term has been derived as the partial derivative in a multiple regression of surface temperature against LAI, precipitation, and incoming shortwave radiation (Fig. 3, D to F) . The derived signal dT LAI S integrates the bidirectional interactions between LAI and T S . All predictors in Eq. 2 are quantified for each pixel over a centered 9 by 9 (2.25°) spatial window (a sensitivity analysis to different levels of spatial aggregation is detailed in supplementary text S3). Details on regression analysis, statistical significance, and uncertainty propagation of the trends are reported in supplementary texts S4, S5, and S6, respectively.
Results show a large spatial variability of temperature sensitivity to changes in LAI (Fig. 3, D to F) that ultimately translates into latitudinal and climatological gradients of LAI-driven variations in T S (Fig. 3, G to I) . A localized and statistically significant LAI-related warming up to~0.4 K decade −1 occurs in the cold and wet climates of boreal regions, with hot spots in northern Canada and central Europe (Fig. 3, G to I ). This warming effect results from the combination of a prevalent greening signal (Fig. 3A) and a positive sensitivity of T S to LAI (Fig. 3, D to F) , which is connected to the reduction in albedo and the consequent increase in available radiative energy in areas with extended snow cover (Fig. 1C) . Such a pattern emerges distinctly over tundra, where the progressive shrubification (23) may have amplified the phenomena [zonal median 0.014 ± (1 × 10
] (table S1). Browning in northeastern America and Eurasia (Fig. 3A) , mostly attributable to forest disturbances (24) , has led to an opposite mild cooling that is sufficient to offset the LAI-related warming of the tundra when averaged over the whole boreal domain [-0.001 ± (6 × 10
(table S2). The observed patterns are largely consistent with the reported warming effects of northern afforestation and reforestation (11, 14) . In contrast, arid and semi-arid regions of the Southern Hemisphere (South Africa, southeastern America, and Australia) show a LAIrelated cooling trend [regional cooling up tõ -0.4 K decade −1 and zonal median -0.036 ± (1 × 10 (Fig. 3, D to F, and table S2). This pattern stems from moderate greening rates (Fig. 3A) and the high negative sensitivity of T S to LAI (Fig. 3, D to F) , which is associated to the close link between vegetation cover and latent heat fluxes in water-limited regions ( Fig. 1, E to H) . In arid regions, the interplay between LAI and T S is typically larger during daytime, when the large share of transpiration (table S2) . The impacts of the recent greening on global temperature are limited because of the compensation of opposite local effects across different climate regions (Fig. 3I) . On average, we estimate a global biophysical cooling of -0.007 ± (3 × 10 In cold and humid regions (T a < 280 K and P > 800 mm), greening is leading to an amplification of surface warming owing to the dominant effect of radiative processes (variations in albedo) (Fig. 4A) . Conversely, in warm regions (T a > 290 K) the increasing LAI leads to climate mitigation driven by the strength of plant-mediated evaporative cooling in arid environments (Fig.  4B) . Altogether, the recent greening has therefore reduced the spatial variability of temperatures across Earth. Ultimately, for~60% of the (Fig. 4C) . Therefore, biomes that are experiencing larger climate warming are those where LAI effects are contributing to a substantial amplification of the climate signal, and biomes that are experiencing milder climate warming are where LAI effects are contributing to a substantial dampening. This phenomenon is of particular concern for cold biomes (such as tundra and boreal forest/taiga), where the rapid greening in combination with the positive sensitivity of surface temperature to LAI is contributing to the accelerated warming of ecosystems that are particularly vulnerable to climate change. Our analysis reveals that the increase in vegetation density has had substantial climate impacts in recent decades. The sign and magnitude of these impacts largely depend on the background climatic condition and the extent of greening. Our observation-driven assessment provides a comprehensive description of the global relationships between vegetation cover and surface energy fluxes that may serve as a benchmark for global climate models. Future changes in environmental conditions (climate or atmospheric CO 2 ) could somehow alter the dominant mechanisms observed in today's climate (25, 26) . Considering the projected exacerbation of climate variability over most of the globe (27) and our findings on the importance of the LAI-climate feedbacks during extreme climate conditions (Fig. 2) , the future trajectories of the vegetation-atmosphere system are likely to coevolve even more closely than at present. Understanding how biophysical feedbacks will develop under future scenarios is key to improving projections of the future Earth's climate. Overall, our findings emphasize the relevance of biophysical land-climate feedbacks and may help the development of more integrated and effective climate mitigation and adaptation strategies.
